Background: Curative therapy for childhood cancer has dramatically improved over past decades.
cancer), congestive heart failure, coronary artery disease, seizures, and stroke are recognized in childhood cancer survivors at a significantly higher than expected rate when compared with the general population. [4] [5] [6] Although therapeutic radiation has played a prominent role in advancing the cure rate for many childhood cancers, damage to surrounding normal tissue may be profound. In adult cancer patients, prior irradiation is a recognized risk factor for the development of cerebrovascular disease (CVD). 7 In younger patients exposed to radiation therapy (RT), the risk for developing CVD is less well described. The purpose of this review is to summarize the relevant pathophysiology and manifestations of radiation-induced CVD and to identify the specific patient groups at risk for early-onset stroke. In addition, the Children's Oncology Group (COG), a collaborative international cooperative clinical trials group, has compiled a series of longterm follow-up recommendations based on peer-reviewed literature for patients with a history of childhood cancer (http://www. survivorshipguidelines.org). 8, 9 The reader will be alerted to specific screening and treatment recommendations from these guidelines.
METHODS The methodology used for developing the COG guidelines with respect to literature review and scoring of evidence is provided as an appendix e-1 on the Neurology ® Web site at www.neurology.org.
RESULTS Therapeutic radiation and the cerebral vasculature. In general, the biologic response of cerebral blood vessels to clinically relevant fractionated irradiation has not been well characterized. 10, 11 Presumed effects of RT on the human cerebrovasculature are generally extrapolated from in vitro or nonprimate, preclinical studies of systemic arteries that have received nonfractionated, supratherapeutic radiation. 12, 13 With this caveat in mind, the histologic and cellular responses of the human cerebrovasculature to RT may be characterized according to vessel diameter and time interval from treatment (table 1) .
In this report, the microvasculature is considered, but our focus is on the delayed effects of RT in medium and large cerebral (including extracerebral internal carotid) arteries. Although initially "protected" from acute radiation toxicity by a relatively large muscular tunica media, the structural integrity of the endothelial monolayer in these larger vessels is also reduced over time. 14 This delayed disruption is likely mediated by a chronic inflammatory or oxidative stress response. 15 Continued disruption of the microcirculation that supplies larger blood vessels (vasa vasorum) may exacerbate this process. 16 with respect to specific treatment exposure(s) rather than cancer type. Although these guidelines are quite helpful for medical providers who are managing the long-term complications in their patients, table 2 is provided as a reference to help neurologists identify which cancer survivors were likely exposed to radiation, the typical RT dose and location, outcomes of concern, and available screening recommendations. Incidence of stroke in childhood cancer survivors. In general, published epidemiologic data pertaining to stroke in childhood cancer survivors is limited to the CCSS. The relative risk for stroke in this study cohort is almost 10-fold higher than its sibling control group. 4 Patient groups of particular concern include adult survivors of childhood acute lymphoblastic leukemia (ALL), brain tumors, and Hodgkin lymphoma.
In leukemia survivors (mean age at time of study, 25 years [SD 12.9 years]), the rate of late-occurring stroke was 58.0 per 100,000 person-years (95% confidence interval [CI] 41.2-78.7). Compared with their siblings, the relative risk of late-occurring stroke was 5.9 (CI 2.6 -13.4).
The rate of late-occurring stroke in all brain tumor survivors (mean age at time of study, 25.8 years [SD 7.9 years]) was 267.6 per 100,000 person-years (CI 206.8 -339.2). However, the rate of stroke was Table 2 Overview of irradiation in childhood cancer Tumor type Treatment era Typical RT dose RT region of concern CVD outcomes of concern COG recommendations and consensus scoring Acute lymphoblastic leukemia (ALL) significantly higher in those patients treated with radiation than those not treated with cranial radiation ( p ϭ 0.02; 339.5 per 100,000 [CI 249.7-448.5]). Compared with siblings, the relative risk of lateoccurring stroke in brain tumor survivors previously treated with radiation was 37.2 (CI, 17.5-79.1). The cumulative incidence of stroke at 25 years from initial diagnosis was 6.9% (CI 4.47-9.33%). An RT dose effect was suggested in both brain tumor and leukemia survivors, because those exposed to cranial RT Ն30 Gy had an increased risk for stroke, with the highest risk among those treated with Ն50 Gy (figures 1 and 2). 17 Adult survivors of childhood Hodgkin lymphoma treated with mantle RT (defined as radiation of major lymph nodes above the diaphragm from the inferior portion of the mandible to the insertion of the diaphragm) also seem at risk for stroke. Compared with their siblings, they had a 5.6-fold increased risk for stroke (CI 2.6 -12.3) after adjusting for age at study, race, and gender. Given a mean age of 33.8 years (SD 7.1 years) at the time of study, the rate of late-occurring stroke was 109.8 per 100,000 personyears (CI 70.8 -161.0). As opposed to direct effects of radiation on cranial vasculature, thromboembolic disease from either radiation-induced cardiovalvular dysfunction or premature arteriosclerosis may be causative. [18] [19] [20] [21] The reliance on a single study (the CCSS) to estimate risk and incidence of stroke in this patient population is of concern, and potential limitations should be considered. Although remarkable in breadth, the CCSS is a retrospective study that relied on self-report via questionnaire to ascertain risk and incidence of stroke. Validation of self-reported stroke was not possible, nor was it possible to determine type and location of stroke. In addition, the study did not ask about transient ischemic attacks. Finally, the sibling comparison group was older than both the leukemia and brain tumor survivors; thus, analyses for these groups were adjusted for age.
Potentially exacerbating host factors. The interaction of irradiation with specific host factors such as neurofibromatosis and the presence of an underlying cardiovascular risk profile can catalyze adverse outcomes. Patients with neurofibromatosis type I (NF1) have demonstrated an inherent susceptibility to cancer and vasculopathy. [22] [23] [24] The NF1 locus, located on chromosome 17, regulates the function of neurofibromin, which is expressed in both endothelial and smooth muscle cells of blood vessels. 25 The presence of NF1 alone increases the incidence of vasculopathy in noncancer patients, while radiation exposure further accelerates the potential for vascular injury. 26, 27 Subsets of childhood cancer survivors are also at greater risk for obesity, 28, 29 insulin resistance, 30 and suboptimal fitness levels. 31 Most studies have focused on ALL, 29 brain tumor 32 and stem cell transplant survivors. 33 Cranial radiation is associated with growth hormone deficiency, which likely contributes to obesity and lower high-density lipoprotein levels. 34 These metabolic abnormalities may act synergistically with prior radiation vascular damage and further exacerbate development of cerebrovascular disease.
Radiation-induced cerebrovascular disease. Intracranial steno-occlusive disease (including moyamoya disease
and mineralizing microangiopathy). Intracranial stenoocclusive disease after cranial irradiation in childhood was first reported more than 30 years ago. 35 Since this initial documentation, similar reports (usually a single case or small case series) have been published that further substantiate this phenomenon (table e-1). In this selected review, the reported median latency period between RT and diagnosis of steno-occlusive disease is approximately 3 years, but the range is broad. The incidence of radiationinduced steno-occlusive disease is not well defined. However, patients with suprasellar and/or chiasmatic lesions, such as craniopharyngioma, optic gliomas (hypothalamic astrocytomas), and germ cell tumors, seem to be at highest risk for this complication because these tumors often require intense RT (Ն45 Gy) near the circle of Willis. 36 Furthermore, cerebral hypoperfusion due to progressive occlusion of the internal carotid arteries with abnormal arterial collateral formation (moyamoya disease) is of particular concern in these patients. Children with NF1 treated for optic pathway gliomas seem to be at highest risk for moyamoya and, as compared with non-NF patients, may develop this vasculopathy earlier (median of 38 vs 55 months after radiation) as well as after lower radiation exposure (18 -39 Gy). 37, 38 Although moyamoya (in the context of irradiation) seems to develop primarily within the pediatric age group, occlusive vasculopathy has been recognized in young adults decades after irradiation. Finally, mineralizing microangiopathy is a distinctive histopathologic process affecting small caliber vessels that leads to calcification of the basal ganglia. Its association with previous cranial irradiation is recognized and has been reported in doses as low as 15 Gy. 39 In a large autopsy study of children with leukemia treated with cranial irradiation, mineralizing microangiopathy was detected in 28 of 163 patients (17%) and as early as 10 months after completion of RT. 40 The current COG Long-Term Follow-Up Guidelines (section 45) suggest an annual neurologic examination in patients with a history of Ն18 Gy cranial irradiation (highest risk group in patients exposed to Ն50 Gy). A brain MRI with diffusion-weighted imaging and magnetic resonance angiography is recommended as clinically indicated. No firm treatment recommendations are available because antiplatelet prophylaxis has not proved to be beneficial for moyamoya or postirradiation occlusive cerebral vasculopathy. Surgical revascularization for radiation-induced moyamoya may be of benefit, but, with the lack of developmental and functional outcome data, clinicians should be hesitant to believe that this procedure is standard care. 41 Vascular malformation/aneurysm. Radiation-induced vascular malformations arise in children more often than adults and can assume many forms, such as venous-based cavernous malformations (cavernomas), telangiectasias of capillaries and veins, and aneurysms. Similar to postradiation steno-occlusive disease, information regarding these abnormalities has primarily been obtained by descriptive series and retrospective cohort analysis (table e-1). With regard to cavernomas, the largest series to date identified 10 of 297 pediatric brain tumor patients (3.4%) who had developed a cavernoma at a median of 37 months after irradiation. 42 Patients who receive Ͼ30 Gy may have a shorter latency for cavernoma development. 43 Telangiectasias were found in 20% of leukemia and brain tumor survivors regardless of RT dose. 44 Typically, cavernous malformations and telangiectasias are incidentally noted on follow-up neuroimaging, require no intervention, and pose limited risk. Occasionally, seizures, headache, and hemorrhage are associated with these lesions and may warrant surgical intervention. 45 Radiation-induced intracranial aneurysms are believed to be a rare complication but are potentially life-threatening. 46, 47 The interval between RT and aneurysm detection is broadly reported. No correlation between radiation dose and time to aneurysm discovery has been elucidated. Diagnosis is often retrospective and occurs only after hemorrhage. Although no definitive recommendation can be provided regarding discovered unruptured aneurysms, treatment options are available. 36 The current COG guidelines do not specifically address treatment-related vascular malformations or aneurysms. Nevertheless, because these abnormalities can hemorrhage and/or initiate seizures, the development of new neurologic findings in patients with previous cranial radiation exposure should necessitate neuroimaging.
Extracranial internal carotid stenosis. Irradiation to the head and neck is a well recognized risk factor for developing extracranial carotid stenosis. Adult patients previously treated with high-dose RT (40 -70 Gy) for head and neck tumors are best described. 48 Preexisting atherosclerosis at the time of treatment may be an exacerbating factor, and routine duplex ultrasound is often recommended. 7, [49] [50] [51] [52] [53] [54] Of note, in the previously irradiated neck, carotid endarterectomy is often technically difficult because of fibrotic tissue and poor wound healing; carotid artery angioplasty/stent may represent a reasonable alternative intervention. 55 In adolescents and young adults receiving neck irradiation, premorbid carotid atherosclerosis is presumably less common. Nevertheless, development of premature carotid stenosis is of concern in middle-aged cancer survivors who received neck irradiation at an early age. 19, 20, 56 Imaging abnormalities have been observed in these patients at an increased rate compared with age-matched controls, but, overall, these changes tend to be mild in severity. Long-term follow-up will be required to determine whether the minor intima-media changes and early plaque formation predispose to premature stenosis. Current COG Long-Term Follow-Up Guidelines (section 66) recommend that survivors of childhood and young adult cancers who received Ն40 Gy to the neck region undergo yearly neurologic examination and assessment for diminished carotid pulses and the presence of carotid bruits. Diagnostic imaging of the carotid artery is recommended as clinically indicated. Consideration for baseline carotid duplex ultrasonography 10 years after RT should be given. To determine whether a formally prescribed screening program with diagnostic imaging is justified, future longitudinal studies are required.
Strokelike migraine after radiation therapy. Migraine variants have been reported in those treated with cranial irradiation several years after treatment. 57 Patients may present with severe, recurrent headaches and prolonged but reversible neurologic deficits, mimicking complicated migraine or stroke. On testing, EEG demonstrates diffuse slowing over the affected cortex, whereas MRI may reveal a cortical ribbonlike enhancement with gadolinium administration. 58, 59 Pruitt et al. 60 reported reversible dramatic gyral thickening with enhancement and hypermetabolism in symptomatic regions on MRI and [ 18 F]fluorodeoxyglucose PET imaging. Though the pathophysiology is unclear, radiation injury to the trigeminovascular system, ion channelopathies, and vasculopathy have been postulated. Common clinical features in these patients seem to be posterior tumor location, Ն50 Gy cranial RT dose, latency greater than a year from irradiation, eventual recovery, and repeated episodes. 59 Despite the unknown etiology, strokelike migraine attacks after RT are important to recognize to avoid needless interventions, such as angiograms, that can be costly and harmful.
No medication has been found to be completely effective, but conventional treatments with anticonvulsants used for migraine prophylaxis, such as carbamazepine and topiramate, and verapamil, propranolol, and warfarin have been helpful in some patients. 58, 59 Aspirin therapy and anticoagulation with warfarin as prophylaxis against potential cerebrovascular attacks have been used, despite a lack of evidence. As for all headache syndromes, lifestyle modification with regular exercise, avoidance of triggers, appropriate hydration and diet, and adequate sleep may improve outcome. The nonpharmacologic remedies of relaxation techniques and biofeedback may be beneficial but have not been studied in this population. CONCLUSION The number of childhood cancer survivors entering adulthood is increasing. Although available literature is limited, the apparent potential for neurologic complications from previous oncologic treatment in this aging population necessitates increased awareness among adult neurology providers. With vigilant surveillance and monitoring, neurologists are well positioned to help prevent cerebrovascular accidents, to minimize unnecessary testing, and to improve the quality of life for this survivor population. To assist care providers, the COG has developed guidelines for screening survivors at risk for persistent or late sequelae of cancer therapy. To better inform future guidelines, larger prospective observational studies of select patient groups are warranted.
